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Adherence of parasitized erythrocytes to activated endothelium
causes microvascular obstruction, tissue ischemia, and clinical com-
plications in severe malaria (SM); however, the mechanisms leading
to endothelial activation remain unclear. The angiogenic factors,
angiopoietin-2 (Ang-2) and vascular endothelial growth factor (VEGF)
are modulators of endothelial activation, with Ang-2 release from
Weibel-Palade bodies (WPBs) being regulated by endothelial nitric
oxide (NO). We explored the relationships between endothelial NO
bioavailability, Ang-2, VEGF, tissue perfusion, and clinical outcomes in
SM. We measured plasma Ang-2 and VEGF, together with biomarkers
of severity from 146 adults with and without SM, in parallel with
longitudinal measures of endothelial function by using reactive hy-
peremia peripheral arterial tonometry (a measure of endothelial NO
bioavailability). Regression was used to relate concentrations of
Ang-2/VEGF with malaria disease severity, biomarkers of perfusion,
endothelial activation, and parasite biomass. The longitudinal rela-
tionship between Ang-2 and endothelial function was assessed by
using a mixed-effects model. Ang-2 concentrations were elevated in
SM and associated with increased venous lactate, plasma intercellular
cell adhesion molecule-1 concentrations, parasite biomass, and mor-
tality. In contrast, VEGF concentrations were inversely associated with
these biomarkers. Ang-2 concentrations were significantly better
predictors of death than venous lactate (P = 0.03). Recovery of
endothelial function was associated with falling concentrations of
Ang-2. Ang-2 release from endothelial cells with reduced NO bio-
availability is likely to contribute to endothelial activation, seques-
tered parasite biomass, impaired perfusion, and poor outcome in
severe falciparum malaria. Agents that improve endothelial NO,
reduce WPB exocytosis, and/or antagonize Ang-2 may have thera-
peutic roles in SM.
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he central process in the pathogenesis of severe and fatal

falciparum malaria is microvascular obstruction resulting from
cytoadherence of parasitized red cells to activated endothelial cells,
associated with impaired bioavailability of endothelial nitric oxide
(NO). Clinical studies in both adults and children demonstrate
microcirculatory obstruction in vivo (1, 2) and impaired vasomotor
function (3). These result in decreased oxygen delivery, tissue
hypoxia, and metabolic acidosis in severe malaria (SM) (4). Simi-
larly, postmortem studies demonstrate sequestration of parasitized
erythrocytes in the capillaries and postcapillary venules of multiple
organs (5, 6), which bind and colocalize with the inducible endo-
thelial adhesion receptor intercellular cell adhesion molecule-1
(ICAM-1) (7). Plasma concentrations of adhesion receptors, in-
cluding ICAM-1 and E-selectin (7, 8) and other markers of
endothelial activation, such as von Willebrand factor (VWF)
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propeptide and microparticles are also markedly increased in SM
(9, 10).

Although these findings suggest that endothelial activation is a
central process in the pathogenesis of malaria, mechanisms under-
lying endothelial activation in malaria are incompletely understood.
Parasitized erythrocytes and elevated levels of proinflammatory
cytokines in malaria are thought to increase the synthesis and
expression of endothelial adhesion receptors (11, 12). Recent data
suggest that exocytosis of Weibel-Palade bodies (WPBs) from
endothelial cells may also be important in endothelial activation in
malaria, in the early phase of adult experimental infection before
levels of proinflammatory cytokines are high enough to cause
clinical disease (13) and in African children with severe disease (9).

The angiogenic factors, angiopoietin-2 (Ang-2) and vascular
endothelial growth factor (VEGF), have recently been shown to
regulate the vascular inflammatory response (14, 15), with plasma
levels increased in severe sepsis (15, 16). Ang-2 is stored and
released from WPBs (17), functioning as an autocrine regulator by
sensitizing the endothelium to the effects of tumor necrosis factor
(TNF), resulting in increased adhesion receptor expression (18). In
vitro, VEGF increases the expression of ICAM-1 and Ang-2 in
endothelial cells (19, 20). Although plasma VEGF concentrations
have been associated with an increased risk of neurologic sequelae
in African children with cerebral malaria (21), the role of Ang-2 in
malaria pathogenesis is unknown.

In vitro, endothelial NO is the major inhibitor of the release of
WPB contents (22). We have recently shown that endothelial
function, a measure of vascular NO bioavailability (23), is signifi-
cantly impaired in SM in adults (3). To our knowledge, the
relationship between endothelial dysfunction and WPB exocytosis
in malaria, or indeed any infectious disease, is unknown. We
hypothesized that concentrations of Ang-2 and VEGF would be
associated with endothelial activation and malaria disease severity,
and that the decreased vascular NO bioavailability in malaria may
contribute to an increase in Ang-2. We therefore measured plasma
Ang-2 and VEGF concentrations in adults with and without SM
and examined their relationship with endothelial function and
activation, parasite biomass, and clinical outcome.

Results

Patients. A total of 146 adults were prospectively enrolled in Papua,
Indonesia between February 2005 and February 2006 (3). Of these
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Table 1. Baseline characteristics of patients according to clinical status

Characteristic HC MSM SM
Number 18 77 51

Age, mean (range), y 25 (18-44) 28 (18-56) 29 (18-56)
Males, no. (%) 13 (74) 32 (67) 37 (72)
Weight, mean (range), kg 59 (45-73) 58 (43-77) 57 (45-85)
Ethnicity, no. (%) Papuan highlander* 15 (87) 59 (77) 27 (53)
Current smoker, no. (%) 8 (45) 31 (40) 22 (43)
Days of fever before presentation; median (IQR)" 0 2 (1-5) 4 (1-7)
Systolic blood pressure; mean (range), mmHg* 128 (96-136) 114 (88-152) 106 (60-154)
Pulse rate; mean (range), beats/minute® 66 (44-104) 86 (56-118) 97 (61-138)
Respiratory rate; mean (range), breaths/min* 20 (18-26) 25 (14-42) 30 (16-60)

Temperature; mean (range), © C*

35.6 (35-36.7)

36.5 (34.1-39.8)

37.1(34.8-40.3)

*, P < 0.01 calculated by x? test. t, P < 0.01 calculated by ANOVA or two-sided t test.

participants, 51 had SM, 77 had moderately SM (MSM), and 18
were healthy controls (HC). SM was defined as the presence of
Plasmodium falciparum parasitemia and =1 modified World
Health Organization (WHO) criterion of severity (excluding severe
anemia) (24); and MSM was defined as fever within the preceding
48 h, with >1,000 asexual P. falciparum parasites/uL, with no WHO
warning signs or criteria for SM and a requirement for inpatient
parenteral therapy because of an inability to tolerate oral treatment
(3, 25). In patients with SM, 28 (55%) had coma, 17 (33%) had
acute renal failure, 23 (45%) had hyperbilirubinemia with either
renal impairment or parasitemia >100,000/uwL, and 30 (59%) had
>1 criterion for severe disease. In total, 35 (69%) patients with SM
were treated with artesunate and 16 (31%) with quinine, whereas
all but 1 of the 77 MSM patients were treated with quinine, the
other receiving artesunate. There were 8 (16%) deaths among SM
patients and none in the MSM group. Baseline characteristics of the
146 patients are shown in Table 1.

Ang-2, VEGF, and Clinical Disease. Concentrations of Ang-2 were
2.8-fold higher in patients with SM [15,000 pg/mL; interquartile
range (IQR): 6,300-22,000] than those with MSM (5,300 pg/mL;
IQR: 3,900-8,200) and 6.4-fold higher than HC (2,300 pg/mL; IQR:
1,900-3,600; P < 0.001) (Fig. 14 and Table 2). Ang-2 was also
significantly increased in patients with MSM compared with HC
(P < 0.001) (Fig. 1A4). Conversely VEGF concentration was
significantly lower in patients with SM (51 pg/mL; IQR: 15-115)
compared with patients with MSM (86 pg/mL; IQR: 54-127) and
HC (89 pg/mL; IQR: 60-133; P = 0.006), with no significant
difference in VEGF between the MSM and HC groups (Fig. 1B and
Table 2). Ang-2 was negatively correlated with VEGF (r = —0.32;
P < 0.001) in all groups.

Patients with cerebral malaria (n = 14) and hyperbiliru-
binemia (n = 3) as the sole presentations had Ang-2 concen-
trations of 5,000 pg/mL (IQR: 3,900-7,000) and 9,800 pg/mL
(range: 9,700-17,000), respectively. These concentrations in-
creased significantly with progressive organ dysfunction, with
Ang-2 concentration in patients with 2 severity criteria (n = 26)
rising to 25,000 pg/mL (IQR: 16,000-37,000) and 43,000 pg/mL
(IQR: 37,000—49,000) in those with 4 severity criteria (n = 4; P =
0.02). There was no correlation between VEGF concentrations
and number of severity criteria.

In patients with SM who survived there was a mean decrease in
Ang-2 during recovery of 2,700 pg/mL per 24 h (95% C.1., 1,600—
3,800; P < 0.001) (Fig. 24). In contrast, 3 of 8 fatal cases who had
repeat measurements of Ang-2 at 24—48 h all showed an increase
(mean 9,700 pg/mL (95% C.I., 1,400-33,000) compared with the
admission value, which was significantly different from survivors
(P = 0.007). VEGF was not correlated with an increased risk of
death.

17098 | www.pnas.org/cgi/doi/10.1073/pnas.0805782105

Ang-2, VEGF, and Biomarkers of Severity. Patients with SM had
higher concentrations of lactate (2.89 mmoL/L; 95% C.I.: 2.34—
3.44) compared to patients with MSM (1.36 mmoL/L; 95% C.L.,
1.17-1.55; P < 0.0001; Fig. 1C), elevated creatinine (282 wmoL/L;
95% C.1., 205-360 vs. 84 umoL/L; 95% C.I., 78—89; P < 0.001), as
well as increased soluble ICAM-1 (937 pg/mL; 95% C.I., 795-1,080
vs. 518 pg/mL; 95% C.I., 470-566; P < 0.0001) and E-selectin (152
pg/mL; 95% C.I., 113-192 vs. 106 pg/mL; 95% C.I., 95-118; P =
0.009; Table 2). As the peripheral parasite count does not accurately
reflect the sequestered parasite load, we measured P. falciparum
histidine-rich protein-2 (HRP2) to quantitate total parasite biomass
as described (26). Plasma HRP2 was significantly higher in patients
with SM compared with those with MSM (P < 0.0001; Table 2).

In all patients with malaria, increasing Ang-2 was associated with
increased lactate (r = 0.57; P < 0.001), creatinine (r = 0.74; P <
0.001), ICAM-1 (r = 0.69; P < 0.001), E-selectin (r = 0.5; P <
0.001), and HRP2 (» = 0.64; P < 0.001), and these associations
remained significant after patients were stratified by disease sever-
ity (Table 3). There was no association between peripheral para-
sitemia and Ang-2. The association between lactate and Ang-2
remained significant after adjusting for age, sex, ethnic group,
weight, and factors shown to affect lactate concentration, including
base deficit, bicarbonate, creatinine, ICAM-1, reactive hyperemia
peripheral arterial tonometry (RH-PAT) index, and parasite bio-
mass (3, 4, 26). Similarly, ICAM-1, E-selectin, and HRP2 remained
significantly associated with Ang-2 after adjustment for these
factors.

Increasing VEGF concentrations were associated with a de-
crease in blood lactate (r = —0.39; P < 0.001), HRP2 concentra-
tions (r = —0.34; P < 0.001), E-selectin (r = —0.28; P = 0.03), and
Ang-2 (r = —0.32; P = 0.001), and they remained significant after
stratifying by disease severity and adjustment for confounding
factors (Table 3).

Ang-2 and TNF. TNF was measured only in patients with SM, and the
median plasma concentration was 2.4 pg/mL (IQR: 1.5-4.2); 9/51
(18%) had plasma TNF concentrations =5 pg/mL, the lowest
concentration in vitro at which TNF is able to activate endothelium
when combined with 2,000 pg/mL Ang-2 (18). Only 2/51 (4%) had
TNF concentrations =20 pg/mL, the level at which TNF alone is
able to activate endothelium in vitro (albeit less than the activation
achieved when combined with Ang-2) (18), and only 1/51 (2%) had
a concentration =40 pg/mL, the level in vitro at which TNF
activation of endothelium is independent of Ang-2 (18). There was
a significant association between TNF and Ang-2 (r = 0.64; P <
0.001), plasma ICAM-1 (r = 0.44, P = 0.009), and plasma HRP2
(r=0.56; P <0.001) concentrations, but not with lactate (P = 0.29).
The associations between Ang-2 and lactate, ICAM-1, and parasite
biomass remained significant after adjusting for the effects of TNF.

Yeo et al.



A 80000~ : p<0.001 :
< _ p<0.001 p<0.001
2 60000 .
N
£ .
© 40000 .
= .
o - .
° :
(@]
€ 20000
< v
:::..’.&;’.u::
Severe  Moderately Healthy
Malaria Severe Controls
Malaria
B — .l p=0.01 :
. p=0.004 | p=0.82
= 300 * .
£ :
()] . .
Ko v
L 200- . :
(O] o
w o .
> Teee ¢
100- o .
Severe  Moderately ~ Healthy
Malaria Severe Controls
Malaria
C
— p<0.001
< } {
© 10 .
S
é .
o -
m oo
o 51
©
| .
Segalzes®
Severe Moderately
Malaria Severe
Malaria

Fig. 1. Ang-2, VEGF, and lactate concentrations in patients with MSM and
SM and HC. (A) Ang-2 plasma concentrations among disease categories
(Kruskal-Wallis: P < 0.001). (B) VEGF plasma concentrations among disease
categories (Kruskal-Wallis: P = 0.006). (C) Lactate concentrations (P < 0.001).
Horizontal lines indicate median for each group. Differences among groups
were compared by using the Kruskal-Wallis test. The Mann-Whitney test was
used for post hoc pairwise comparisons.

In addition, there was no evidence of an effect of the interaction
term between Ang-2 and TNF on these markers of disease severity.

Endothelial Function and Ang-2. The mean RH-PAT index was
significantly lower in the SM group (1.41; 95% C.1., 1.33-1.47;n =
49) than the MSM group (1.82; 95% C.I, 1.71-1.93; n = 77) and
HC (1.94;95% C.I.,1.68-2.09; n = 18) (P < 0.0001). At enrollment,
among all patients with malaria there was a negative correlation
between RH-PAT index and Ang-2 concentrations (r = —0.36; P <
0.001); however, this finding was not significant after stratifying by
disease severity. In patients with SM, there was a significant

Yeo et al.

longitudinal association between the increase in RH-PAT index (as
a measure of endothelial NO bioavailability) (27) and decreasing
Ang-2 concentrations (r = —0.38; P < 0.001) (Fig. 2). There was a
positive association between VEGF and RH-PAT index (r = 0.30;
P = 0.01), which was not significant when stratified by disease
severity.

Effect of Ang-2 on Mortality in SM. In patients with SM, the Ang-2
concentrations were higher in nonsurvivors (24,000 pg/mL; IQR:
21,000-42,000) compared with survivors (11,000 pg/mL; IQR:
5,000-18,000; P = 0.004). Plasma Ang-2 was associated with an
increased risk of death (odds ratio 4.9; 95% C.I., 1.3-18.4); other
univariate risk factors are listed in Table 4. In a multivariable
analysis of variables hypothesized to contribute to mortality and
endothelial pathology, Ang-2, HRP2, and the term representing the
interaction between Ang-2 and HRP2 all remained significantly
associated with increased risk of death (» = 0.67).

Receiver Operating Curve (ROC) Characteristics. We compared the
areas under the ROC (AUROC) to assess the prognostic value of
the independent variables in assessing a fatal outcome in patients
with SM. Ang-2 (AUROC 0.84; 95% C.., 0.71-0.96) (Fig. 3)
concentrations were significantly better predictors of death than
venous blood lactate (AUROC 0.63; 95% C.1I., 0.41-0.83; P = 0.03)
and comparable to base deficit (AUROC 0.73; 95% C.I., 0.53-
0.92), TNF (AUROC 0.71; 95% C.I., 0.43-0.98), and HRP2
(AUROC 0.86; 95% C.I, 0.73-0.94).

Discussion

This study highlights the important finding of increased Ang-2
concentrations in patients with SM and its association with tissue
ischemia (reflected as elevated lactate levels), endothelial activa-
tion, parasite biomass, organ dysfunction, and death. Blood lactate
and base deficit have been described to be reliable prognostic
indicators of increased mortality in adults with malaria (4, 26). In
predicting a fatal outcome, Ang-2 was comparable to acidosis and
parasite biomass and significantly better than lactate, even after
controlling for parasite biomass. Among survivors of SM, recovery
of endothelial NO bioavailability was associated with falling con-
centrations of Ang-2.

Proteins stored within endothelial cell WPBs, including Ang-2,
VWEF and its propeptide, P-selectin, and endothelin-1 are rapidly
released in response to stimuli including thrombin, histamine,
VEGTF, superoxide anions, epinephrine, and vasopressin, and
acutely regulate vascular functions such as inflammation, throm-
bosis, and vasoconstriction (28). These proteins rapidly effect
changes in the endothelium, in contrast to the modulation of gene
expression effected by proinflammatory cytokines, which requires
several hours (29). Ang-2 is almost entirely produced by the
endothelium in WBPs, where it is stored with VWF, but not
P-selectin (17). It acts as a rapid autocrine regulator of endothelial
inflammation (17) and factors controlling its transcription include
cytokines such as VEGF and hypoxia (20). The time course of the
increase in VWF in experimental malaria (13) suggests that Ang-2
release has a potential role in endothelial activation early in the
course of disease. Ang-2 levels were increased in MSM relative to
controls, demonstrating WPB exocytosis and endothelial activation
in nonsevere clinical malaria. Factors triggering Ang-2 release from
WPBs early in the course of malaria are not known. In vitro,
exocytosis of WBPs can be triggered by Toll-like receptor (TLR) 2
and TLR4-mediated signaling pathways (30, 31), but not by direct
stimulation with TNF (17, 32). P. falciparum glycosylphosphatidy-
linositol released during erythrocyte rupture signals via both TLR2
and TLR4 (33), and along with intact infected red blood cells, can
directly activate endothelial cells in vitro; however, their effects on
WPB release have not been described (34, 35). P. falciparum
secretes a functional histamine releasing factor homologue and it is
possible that this may also contribute to exocytosis of WPBs (36).
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Table 2. Baseline laboratory and physiological measurement according to clinical status

Measurement HC MSM SM
Number 18 77 51

White blood cell count, mean (95% C.I.), X 103uL="* ND 5.9 (2.6-10.8) 9.4 (3.2-17.3)
Hemoglobin, mean (range), g/L* ND 128 (7-17) 108 (6-16.3)
Plasma Ang-2 median (IQR), pg/mL* 2,300 (1,900-3,600) 5,300 (3,900-8,200) 15,000 (6,300-22,000)
Plasma VEGF median (IQR), pg/ml* 89 (60-133) 86 (54-127) 51 (15-115)
Plasma creatinine, mean (95% C.I.), umol/L* ND 84 (78-89) 282 (205-360)
Lactate concentration, mean (95% C.l.), mmol/L* ND 1.4 (1.2-1.6) 2.89 (2.3-3.4)
Parasite density, geometric mean (range), uL=1* ND 14,345 (850-127,350) 35,067 (125-725,340)
HRP2 concentration, mean (range), loge ng/mL* ND 5.75 (1.02-8.79) 7.53 (1-10.98)
Soluble ICAM-1, mean (95% C.l.), pg/mL* ND 569 (516-623) 937 (795-1,080)
Soluble E-selectin, mean (95% C.1.), pg/mL* ND 106 (95-118) 152 (113-192)

RH-PAT index, mean (95% C.I.)*

1.94 (1.68-2.09)

1.82 (1.71-1.93) 1.41 (1.33-1.47)

ND, not measured. *, P < 0.01 calculated by ANOVA/Kruskal-Wallis or Mann-Whitney/two sided t test..

Tie-2 protein kinase receptors are expressed primarily on endo-
thelial cells, and this signaling pathway reduces endothelial activa-
tion (14). Ang-2 binds to Tie-2 receptors without activating the
signaling pathway, resulting in increased endothelium adhesion
receptor expression (14). In vivo, TNF inoculation into Ang-2
knockout mice causes a reduction in endothelial adhesion receptor
expression and leukocyte adhesion compared with wild types (18).
In vitro studies of human endothelial cells demonstrate that alone
neither Ang-2 and TNF at low concentrations (2,000 pg/mL and <5
pg/mL, respectively) increase ICAM-1 expression, but together
result in a marked elevation in ICAM-1 receptors even at low
concentrations (18). In vitro, TNF concentrations >40 pg/mL are
required to induce endothelial activation independently of Ang-2
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Fig.2. Longitudinal course of plasma Ang-2 concentrations (A) and RH-PAT
index (B) over time. Mean values (circles) and 95% C.. (bars) are displayed at
each time point. x axis values show time from the start of antimalarial therapy
(day 0, 0-12 h; day 1, 13-36 h; day 2, 37-60 h; day 3, 61-84 h; day 4, 85-109
h; day 5-14, >110 h). In a mixed-effects model, the increase in RH-PAT index
(27) was associated with the fall in Ang-2 (r = —0.38; P < 0.001).
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(18), a concentration found in plasma in only 2% of SM patients in
our study. In a previous study of 287 adults with SM, 77% had TNF
concentrations <15 pg/mL, with the median value being 0 pg/mL
and the IQR being 0—4 pg/mL (37). It is likely that local micro-
vascular concentrations of TNF in the vicinity of erythrocyte
rupture may be higher than those found in peripheral blood in SM.
In addition, the concentrations of Ang-2 we have found in clinical
malaria are higher than those used for in vitro studies (18) and may
sensitize the endothelium to lower levels of TNF. Taken together,
the in vitro and in vivo findings suggest that Ang-2 acts by sensitizing
endothelial cells to respond to levels of TNF that may otherwise
cause only minimal or no endothelial activation.

In SM we found Ang-2 was associated with endothelial activa-
tion, lactic acidosis, increased creatinine, parasite biomass, and
mortality, even after adjusting for the effects of TNF. These
findings are consistent with Ang-2 sensitizing the endothelium
across a range of TNF concentrations (18). Because increased
endothelial activation exacerbates sequestration of parasitized red
cells and microvascular obstruction, subsequent deterioration in
tissue hypoxia would increase transcription and fuel further release
of Ang-2 with increasing disease severity. Ang-2 is thus likely to
have a regulatory role on endothelial activation from preclinical
malaria to severe disease.

In vitro, the only substances demonstrated to reduce exocytosis
of WPBs and release of Ang-2 are NO and high doses of hydrogen
peroxide (22, 29). We hypothesized that the decrease in NO
bioavailability previously described in SM in both adults (3, 27) and
children (38) may contribute to increased Ang-2 release. Because
the RH-PAT index is at least 50% dependent on endothelial NO
production (39), the longitudinal finding of an inverse association
between RH-PAT index and Ang-2 suggests that, similar to in vitro

Table 3. Correlation coefficients (Rs) for biomarkers of severity
in 126 patients with MSM and SM

Angiogenic
factor Biomarker Correlation, r P df
Ang-2 VEGF 0.32 0.001 125
Creatinine 0.74 < 0.001 124
Lactate 0.57 < 0.001 124
HRP2 0.64 < 0.001 118
ICAM-1 0.69 < 0.001 118
E-selectin 0.5 < 0.001 115
VEGF Creatinine 0.18 0.21 124
Lactate 0.39 < 0.001 124
HRP2 0.34 < 0.001 118
ICAM-1 0.17 0.067 118
E-selectin 0.28 0.038 115
Yeo et al.
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Table 4. Factors associated with an increased risk of death in SM

Factor Odds ratio (95% C.1.) P df
Ang-2 (log increase) 4.9 (1.3-18.4) 0.018 49
Creatinine (log increase) 8.6 (2-36) 0.003 50
HRP2 (log increase) 3.7 (1.3-10.3) 0.015 47
Base deficit 1.2 (1.1-1.7) 0.03 50
Lactate 3.7 (0.8-5.3) 0.18 50

data, reduced endothelial NO bioavailability may contribute to or
exacerbate endothelial Ang-2 release in severe disease.

It is possible that other substances, including VWF, copackaged
in WPBs with Ang-2, may also contribute to endothelial activation
after exocytosis of WPBs. However, whereas VWF propeptide has
been associated with increased lactate in African children with
falciparum malaria, no relationship was found between VWF or
P-selectin with either lactate or mortality (9). P-selectin is also
contained within WPBs and contributes to parasite cytoadherence
in vitro and increased mortality in murine models (40, 41), but its
role in clinical disease is unclear with two studies showing no
association between plasma P-selectin concentrations and disease
severity (9, 42). Furthermore, because Ang-2 and P-selectin are
localized to different parts of the WPBs and their release appears
to be independent of each other (17), the associations we have
found with Ang-2 are unlikely to be related to P-selectin.

VEGF is another angiogenic factor able to increase endothelial
activation in addition to increasing vascular permeability (19). In
African children with cerebral malaria, plasma VEGF concentra-
tions have been associated with an increased risk of neurological
sequelae (21), but there have been no reports comparing VEGF
concentrations in cerebral malaria with levels in children with less
severe disease (21). In contrast to our initial hypothesis, we found
no association between elevated VEGF concentrations and disease
severity or a poor outcome in adult malaria, similar to recent
findings by Jain et al. (43). Indeed, VEGF concentrations were
lowest in SM and inversely associated with lactate. These unex-
pected results may be explained by the recent finding that mature
P. falciparum parasites, sequestered within the microvasculature,
take up and accumulate host VEGF within the parasitophorous
vacuole (44), resulting in the likely removal and sequestration of
circulating VEGF. This notion is supported by our finding of an
inverse association between plasma VEGF concentrations and
parasite biomass. Accumulation of VEGF within parasites acts as
a parasite growth factor (44) and may exacerbate parasite seques-
tration. VEGF increases endothelial production of NO (45) and
Ang-2 (20) in vitro. It is not known whether accumulation of VEGF
within sequestered parasites exerts local effects on adjacent host
endothelial cells through these mechanisms. Alternatively, impair-
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Fig. 3. Nonparametric ROC assessing Ang-2 as a prognostic marker for
mortality in SM. AUROC, 0.84; 95% C.I., 0.71-0.96.
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ment of circulating VEGF suggests a potential contribution to the
impaired endothelial NO production and endothelial dysfunction
described in SM (3, 27).

Limitations of our study include the inability to establish causality
from the associations between Ang-2 and disease severity and
outcome. It is possible that increasing parasite biomass and proin-
flammatory cytokines cause both lactic acidosis and mortality, with
worsening hypoxia increasing Ang-2 production as an epiphenom-
enon. However, in a multivariable model to examine the effects of
Ang-2, cytokines, and parasite biomass to predict mortality, TNF
was not predictive and Ang-2 remained a significant independent
predictor after including both HRP2 and the Ang-2-HRP?2 inter-
action term. We hypothesize a synergistic and potentially bidirec-
tional effect of Ang-2-related endothelial activation promoting
sequestration of parasitized red cells and microvascular obstruction,
with a resulting hypoxia-induced increase in Ang-2 transcription.
Neither children nor patients with severe malarial anemia were
included in this study, and we cannot extend our results to these
groups. Because of some differences between Asia—Pacific adults
and African children in SM phenotypes (46), rapidity of disease
progression and TNF concentrations in SM (37, 38, 47), additional
studies of the role of Ang-2 in the African pediatric population are
needed. Nevertheless, as in adults, NO deficiency (38), endothelial
activation (8), and WPB release (9) are also associated with malaria
disease severity in African children, making it plausible that Ang-2
will contribute to malaria pathogenesis in children.

In summary, concentrations of plasma Ang-2, an autocrine
regulator of endothelial activation, are increased in SM and
associated with increased mortality, and with measures of en-
dothelial activation, sequestered parasite biomass and impaired
perfusion. We hypothesize that the decreased vascular NO
bioavailability found in SM increases exocytosis of WPBs with a
resultant increase in Ang-2 release. Agents that improve endo-
thelial NO, reduce WPB exocytosis (48), or inhibit Ang-2 (49)
may have preventative or therapeutic roles in SM.

Methods

Study Design and Site. This prospective longitudinal study was conducted at
Mitra Masyarakat Hospital, Timika, Papua, Indonesia, an area with unstable
transmission of multidrug-resistant falciparum and vivax malaria (50, 51). Ethical
approval was obtained from the Health Research Ethics Committees of the
National Institute of Health Research and Development in Indonesia and Menzies
School of Health Research in Australia. Written informed consent was obtained
from patients or relatives.

Patients and Sampling. Patients were 18 years or older hospitalized with MSM or
SM without concurrent P. vivax infection and with a hemoglobin level >60 g/L,
who had been prospectively enrolled in a study of endothelial function as
described (3, 27). Individuals with MSM were treated with i.v. quinine whereas SM
patients received eitheri.v. quinine or artesunate, with both groups also receiving
either doxycycline or clindamycin. On enrollment, a standardized history and
clinical examination were obtained either from the patient or attendant relatives
together with collection of venous blood and measurement of endothelial func-
tion. Patients were re-examined daily until death, discharge from hospital, or
their endothelial function was >1.67, a value defined prospectively (3), on two
consecutive occasions (27).

Parasitological, Biochemical Observations, and Endothelial Function Assess-
ment. Parasite counts were determined from microscopy of Giemsa-stained thick
and thin films. Hemoglobin, routine biochemistry, acid-base parameters (includ-
ing base deficit), and lactate were measured with a portable biochemical ana-
lyzer (i-STAT). Venous blood collected in lithium heparin was centrifuged within
30 min of collection and plasma was stored at —70° C. Plasma concentrations of
soluble ICAM-1, E-selectin, Ang-2, and VEGF were measured by ELISA (R&D
Systems). Total parasite biomass was quantified by measuring plasma HRP2 by
ELISA, as described and validated (3, 26). Plasma TNF concentrations were mea-
sured by flow cytometry (BD Cytometric Bead Array), and plasma L-arginine
concentrations were measured by HPLC (3). Endothelial function was measured
noninvasively by using peripheral arterial tonometry by the change in digital
pulse wave amplitude in response to reactive hyperemia, giving a RH-PAT index
as described (3). The pulse wave amplitude in RH-PAT is at least 50% dependent
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on endothelial NO production (39), and internal validation and repeatability of
RH-PAT in this population has been reported (3).

Statistical Methods. Statistical analysis was performed with STATA software
(version 9.2; Statacorp). Half the value of the lower limit of detection was used if
plasma concentrations of Ang-2 and VEGF were too low to be quantified by
ELISA. Results are presented as mean with 95% C.I. for normally distributed
continuous variables or median with IQR for those that were not. Intergroup
differences were compared by ANOVA for continuous variables normally distrib-
uted or that were log-transformed to normality. The Kruskal-Wallis test was used
for nonnormally distributed continuous variables. Correlation coefficients were
determined by the Pearson’s or Spearman’s methods for continuous variables,
which were normally and not normally distributed, respectively. Multiple step-
wise linear regression was conducted to identify confounding variables that
could affect the association between markers of disease severity, endothelial
function, and Ang-2/VEGF. Linear mixed effects were used to model the longi-
tudinal change in Ang-2 and its association with the RH-PAT index. Logistic
regression was used to determine the association between death and Ang-2/
VEGF concentrations. Variables hypothesized to contribute to mortality and
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continuous variables, the AUROC and its 95% C.I. were calculated. A two-sided
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